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A  marked  difference  In  the  production  of  per8l  stent  chromosome 
aberrations  In  mouse  marrow  cells  by  Ionising  radiation  delivered  at 
a  high  dose  rate  (30  rad/min)  versus  a  low  dose  rate  (1.45  rad/hour) 
was  observed.  Clones  of  cell  with  chromosome  abnormalities  were  present 
In  the  marrow  of  all  the  mice  previously  exposed  to  the  X  rays,  either 
a  single  dose  or  fractionated,  at  30  rad/mln.  The  frequency  of  chromo¬ 
some  aberrations  in  these  mice  varied  from  14$  to  7 2$  of  the  cells 
examined.  By  contrast,  none  of  the  17  mice  exposed  to  the  continuous 
low  dose  rate  ganma  radiation  (1.45  rad/hour)  showed  definite  clones 
of  abnormal  marrow  cells,  and  the  frequency  of  persistent  chromosome 
aberrations  varied  from  zero  to  8$  in  this  group.  The  possible  basis 
for  this  marked  reduction  in  the  production  of  persistent  chromosome 
changes  in  marrow  cells  following  exposure  to  low  dose-rate  ganma  radi¬ 
ation  is  briefly  discussed.  If  some  of  the  late  effects  of  radiation, 
particularly  leukemia  Incidence,  are  related  to  the  frequency  of  chromo¬ 
some  aberrations,  It  is  possible  that  low  dose-rate  ganma  radiation 
may  be  less  leukemogenic  than  high  dose-rate  radiation. 
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SUMMARY 


The  Problem: 

An  important  aspect  of  the  problem  of  radiation  hazard  evaluation 
relates  to  the  effect  of  radiation  dose- rate.  Although  it  is  known 
that  dose-rate  influences  the  degree  of  acute  biological  damage,  as 
evidenced  for  example  by  the  change  in  LD^q,  relatively  little  infor¬ 
mation  is  available  on  the  influence  of  radiation  dose-rate  on  the 

late  consequences  of  radiation  damage,  particularly  at  the  cellular 
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level.  The  availability  of  a  low  dose-rate  Co  facility  provided  the 

opportunity  for  comparison  of  the  effects  of  low  dose-rate  gamma  radi¬ 
ation  and  high  dose- rate  X  radiation  on  the  occurrence  of  chromosomal 
aberrations  in  bone  marrow  cells  in  mice. 

The  Findings: 

Young  adult  LAF^  mice  were  exposed  to  one  of  the  following  radi¬ 
ation  schedules:  a  single  dose  of  500  rad  of  X  rays  delivered  at  a 
dose-rate  of  30  rad  per  minute;  fractionated  X  rays:  100  rad  given 
daily  (dose-rate  30  rad/min)  for  9  exposures  for  a  total  of  900  rad; 
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Go  gamma  radiation  given  continuously  at  a  dose-rate  of  1.4-5  rad/ 
hour  for  a  total  dose  of  926  rad  or  933  rad.  Chromosome  preparations 
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were  made  from  the  bone  marrow  at  1  to  19  months  after  Irradiation. 

The  experimental  data  show  that  clones  of  cells  with  chromosome  ab  - 
normalities  were  present  in  the  marrow  of  all  the  mice  previously  ex¬ 
posed  to  the  X  rays,  either  a  single  dose  or  fractionated,  at  30  rad/ 
min.  The  frequency  of  chromosome  aberrations  in  these  mice  varied 
from  14$  to  72$  of  the  cells  examined.  By  contrast,  none  of  the  17 
mice  exposed  to  the  continuous  low  dose  rate  gamma  radiation  (1.45 
rad/hour)  showed  definite  clones  of  abnormal  marrow  cells,  and  the 
frequency  of  persistent  chromosome  aberrations  varied  from  zero  to  8$ 
in  this  group.  The  possible  basis  for  this  marked  reduction  in  the 
production  of  persistent  chromosome  changes  in  marrow  cells  following 
exposure  to  low  dose-rate  gamma  radiation  is  briefly  discussed.  If  some 
of  the  late  effects  of  radiation,  particularly  leukemia  incidence,  are 
related  to  the  frequency  of  chromosome  aberrations,  it  is  possible 
that  low  dose- rate  gamma  radiation  may  be  less  leukemogenlc  than  high 
dose-rate  radiation. 
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INTRODUCTION 


The  importance  of  radiation  dose-rate  in  the  delayed  and  late 
effects  of  ionizing  radiation  has  been  demonstrated,  both  with  respect 
to  genetic  effects  (mutations)  in  mice  (1,2),  and  in  life  span  studies 
(3)*  However,  since  no  observations  on  persistent  radiation- induced 
chromosome  abnormalities  relative  to  dose-rate  are  available,  we  have 
been  interested  in  obtaining  such  data,  and  in  correlating  them  with 
late  pathological,  changes  after  irradiation  at  high  and  low  dose-rates. 

MATERIALS  AND  METHODS 

of  female  LAF^  mice  irradiated  at  2  -  3  months  of  age  as  follows: 

Group  1  -  A  single  dose  of  500  rad  of  X  rays,  delivered  at  a  dose- 
rate  of  30  rad  per  minute  as  measured  in  air. 

Group  2  -  Fractionated  X  rays;  100  rad  given  on  9  of  11  successive 
days,  for  a  total  dose  of  900  rads;  dose-rate  30  rad  per  minute. 

Group  3  ■  Co^- gamma  radiation,  given  continuously  at  a  dose-rate 
of  1.^5  rad  per  hour,  for  a  total  dose  of  926  or  935  rad. 
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The  radiation  factors  for  the  X  radiation  were:  250  kv  ,  15  ma, 

HVL  1.5  mm  Cu,  filter  0.5  mm  Cu  plus  1  mu  Al,  TSD  100  cm.  For  the 
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Co  irradiation,  mice  were  placed  in  Lucite  cages,  which  were  positioned 
around  a  10  curie  source  which  has  been  described  previously  (4).  The 
dose- rate  was  measured  at  the  midpoint  of  the  cage,  using  5  minute 
readings  with  a  250  mr  chamber.  The  mean  value  for  dose- rate  was  1.45 
rad/hour  as  of  August  4,  1961.  Appropriate  corrections  were  made  for 
decay  of  the  source  at  the  time  of  exposure.  Since  the  duration  of 
exposure  was  approximately  one  month,  it  was  necessary  to  remove  the 
mice  from  the  source  periodically  for  brief  periods,  in  order  to  feed 
and  water  them,  and  to  clean  the  cages.  The  total  "off- time"  during 
the  entire  exposure  was  7  hours. 

At  various  times  from  1  to  19  months  after  irradiation,  air-dried 
chromosome  preparations  were  made  from  the  bone  marrow  of  each  mouse 
according  to  techniques  previously  described  (5).  Fifty  good  meta¬ 
phases  from  each  animal  were  examined. 

RESULTS 

Chromosome  changes  observed  in  the  irradiated  mice  are  given  in 
Table  I.  Because  of  the  uniform  morphology  of  mouse  chromosomes,  all 
having  terminal  centromeres,  the  only  aberrations  recognizable  are 
those  producing  aneuploidy  or  else  a  marker  chromosome  obviously  longer 
or  shorter  than  the  normal  complement,  or  with  a  centromere  which  is 
not  terminal  (6).  Inspection  of  the  table  indicates  that  the  most 
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TABLE  1 

Chromosome  Chang  s  in  Marrow  Cells  of  Mice  Irradiated  at  Different  Dose  Rates 
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4l  chromosomes  (one  abnormally  ong) 


commonly  observed  change  was  an  apparent  reciprocal  translocation  re¬ 
sulting  In  two  markers,  an  abnormally  long  chromosome  and  a  "minute" 
(Figure  l).  It  was,  of  course,  impossible  to  determine  if  morphologically 
similar  changes  in  different  animals,  or  even  in  different  cells,  in¬ 
volved  identical  chromosomes. 

In  those  mice  in  which  the  marrow  cells  showed  a  high  frequency 
of  chromosome  aberrations,  these  were  generally  of  only  1  or  2  types  in 
a  given  animal.  Thus,  the  abnormal  cells  appeared  to  be  largely  in  the 
form  of  "clones"  or  "stemlines"  derived  from  only  1  or  2  radiation- 
damaged  precursors  (7).  For  the  purpose  of  tabulation,  any  group  of 
5  or  more  cells  having  the  same  morphological  chromosome  change  was 
considered  to  represent  a  clone  (e.g.,  10$  or  more  of  the  cells  examined). 

The  data  indicate  that  clones  of  cells  with  chromosome  abnormali¬ 
ties  were  present  in  the  bone  marrow  of  all  9  mice  previously  exposed 
to  a  single  X-ray  dose  of  500  rad  given  at  a  dose  rate  of  30  rad/min. 
(Group lias  well  as  in  the  three  mice  exposed  to  fractionated  X  radiation 
^loo  rad  x  9)  given  daily  at  a  dose  rate  of  30  rad/min.  (Group  2). 

The  frequency  of  cells  with  aberrations  varied  from  14$  to  72$,  without 
any  obvious  effect  of  the  length  of  time  between  irradiation  and  sacri¬ 
fice  (3  to  19  months).  It  may  be  significant  that  the  two  mice  in 
Group  1  examined  18  months  after  exposure  (the  longest  period  in  this 
group)  showed  the  most  profound  chromosome  changes.  Abnormal  cells 
constituted  46$  and  72$  respectively  of  their  marrows,  and  these  in¬ 
cluded  the  only  two  aneuploid  clones  observed,  one  with  4l  chromosomes 
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rig.  1  Metaphase  from  bone  marrow  of  LAFi  mouse  X-irradiated 
(500  rad)  18  months  previously.  Note  an  abnormally  large  and 
a  minute  chromosome  (arrows).  Twenty  percent  of  the  marrow 
cells  examined  were  of  this  type. 
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and  one  with  39  chromosomes.  The  possibility  of  incipient  leukemia 
in  these  two  mice  might  be  suggested  by  the  chromosome  findings  (6,8), 
but  neither  these  nor  any  other  mice  in  the  present  study  showed  clinical 
or  hematological  evidence  of  the  disease. 

Definite  clones  of  abnormal  marrow  cells  were  not  observed  in  any 
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of  the  17  mice  exposed  to  continuous  low  dose-rate  Co  .  Gamma-radi¬ 
ation  (1.45  rad/hr.)  for  a  total  dose  of  926  or  935  rad  (Group  3)* 
Frequency  of  persistent  chromosome  aberrations  varied  from  zero  to  &f> 
in  this  group,  and  in  no  animal  did  more  than  65$  of  the  cells  show  the 
same  chromosome  change.  Some  of  these  mice  were  examined  within  one 
week  of  the  end  of  irradiation,  and  others  up  to  a  year  later. 

Unstable  chromosome  changes,  such  as  acentric  fragments,  dicentrics, 
and  rings  were  not  observed  in  the  present  studies.  Such  aberrations 
were  undoubtedly  eliminated  within  one  or  two  cell  divisions  after  ir¬ 
radiation  (6).  The  only  unstable  changes  observed  were  occasional 
chromatid  breaks,  present  in  less  than  2$  of  the  cells  from  all  groups. 

DISCUSSION 

The  findings  indicate  a  marked  difference  in  the  production  of 
persistent  chromosome  changes  in  mouse  marrow  by  ionizing  radiation 
delivered  at  a  high  dose  rate  (30  rad/min.)  versus  a  low  dose  rate 
(1.45  rad/hr).  All  of  the  animals  exposed  to  the  high  dose  rate  showed 
clones  of  cells  with  chromosome  abnormalities  persisting  in  the  marrow 
up  to  19  months  after  Irradiation.  The  mice  exposed  at  the  low  dose 
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rate  showed  no  definite  clones  and  only  a  few  random  aberrations.  These 
chromosome  data  correlate  well  with  the  observations  of  Russell, et  al. 
(l,2)  on  the  Influence  of  radiation  dose-rate  on  mutation  frequency  in 
mice:  Following  exposure  to  X  radiation  at  low  dose  rates  (90  r/week), 
the  incidence  of  specific  locus  mutations  was  one-third  to  one-half 
that  in  mice  exposed  to  X  rays  at  high  dose  rates  (80-90  r/minute). 

The  present  findings  would  appear  to  be,  on  the  chromosome  level,  the 
counterpart  of  these  observations.  Russell,  et  al.  have  also  provided 
evidence  that  the  dose-rate  effect  on  mutation  frequency  "is  an  intra¬ 
cellular  one  and  not  a  consequence  of  cell  selection"  (2).  The  rarity 
of  persistent  chromosome  abnormalities  after  low  dose-rate  radiation 
could  be  similarly  due  to  an  intracellular  recovery  process,  perhaps 
involving  restitution  and  repair  of  radiation-induced  chromosome  breaks 
comparable  to  that  observed  by  Wolff  (9)  in  plant  cells.  This  recovery 
process  would  presumably  be  analogous  to  that  described  by  Elkind  and 
Sutton  (10)  in  studies  of  the  viability  of  hamster  cells  in  tissue 
culture  after  fractionated  radiation.  In  their  work,  however,  irradi¬ 
ation  was  completed  within  one  mitotic  cycle  cycle,  while  in  our  low 
dose-rate  experiments,  numerous  cell  generations  were  involved.  Hence, 
it  is  possible  that  additional  recovery  mechanisms,  both  intracellular 
and  extracellular,  might  operate  in  our  system. 

It  is  also  possible  that  both  the  high  and  low  dose  rates  may 
have  produced  the  same  amount  of  non- recoverable  chromosome  damage, 
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and  that  cell  selection  rather  than  intracellular  recovery  mechanisms 
are  responsible  for  the  observed  difference  in  persistent  chromosome 
changes.  The  extensive  destruction  of  marrow  cells  which  occurs  at  the 
high  dose  rate,  briefly  producing  an  aplastic  marrow,  could  provide  the 
opportunity  and  "space"  for  a  few  stem  cells,  with  radiation- induced 
chromosome  changes  conferring  a  slight  growth  advantage,  to  repopulate 
the  marrow  with  recognizable  clones.  Cells  with  similar  changes  pro¬ 
duced  by  low  dose-rate  radiation,  which  does  not  deplete  the  marrow, 
might  not  have  a  sufficient  selective  advantage  to  permit  them  to  over¬ 
grow  an  already  populated  marrow;  and,  hence,  they  would  continue  to 
survive  as  only  a  small  proportion  of  the  marrow  cells.  The  continued 
persistence  of  large  clones  of  abnormal  cells  in  the  high  dose- rate 
animals  without  concomitant  hematological  disorders  Indicates  that  radi¬ 
ation-induced  chromosome  abnormalities  do  not  necessarily  confer  either 
a  marked  selective  advantage  or  disadvantage  on  cells  bearing  them  (6). 

The  present  studv  permits  further  speculation  on  the  relationship 
of  radiation-induced  chromosome  changes  to  leukemogenesls.  Data  from 
both  mice  and  humans  indicate  that  there  is  no  unifora  correlation  be¬ 
tween  demonstrable  chromosome  changes  produced  by  radiation  at  high  dose 
rates  and  the  subsequent  development  of  leukemia  (6).  Whether  the  inci¬ 
dence  of  radiation-induced  leukemia  in  mice  exposed  to  chronic  low  dose- 
rate  gamma- radiation  would  parallel  the  present  chromosome  findings  re¬ 
mains  to  be  determined.  Single  acute  exposure  at  a  high  dose  rate,  how- 
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ever,  may  be  lethal  for  a  larger  number  of  marrov  atem  cella  than  la 
lov  dose-rate  radiation,  thus  possibly  eliminating  many  potentially 
leukemic  cells  from  the  "pool" — the  so-called  "therapeutic"  effect  of 
high  radiation  dose  on  leukemia  incidence  (ll).  If  leukemogenesls  is 
related  to  the  total  number  of  point  mutations  produced,  it  Is  con¬ 
ceivable  that  the  frequency  of  point  mutations  could  be  the  same  In 
all  3  groups  in  the  present  study  and  that  the  leukemia  Incidence 
might  actually  be  highest  In  the  group  receiving  the  lov  dose-rate 
exposure,  as  a  result  of  accumulation  of  such  radiation-induced  point 
mutations  with  a  minimum  of  cell  killing.  Observations  on  leukemia 
incidence  in  mice  exposed  to  low  dose-rate  gamma-radiation  are  now 
being  made. 

The  relationship  betveen  chromosome  aberrations  and  the  occurrence 
of  other  late  pathological  effects  of  irradiation  such  as  solid  tissue 
tumors,  nephrosclerosis,  and  other  lesions  resulting  in  shortened  life 
R-nnn  i  s  pv»n  i  clear.  Chromosome  data  are  not  available  on  the 
organs  involved,  and  extrapolation  to  these  tissues  from  dose-rate 
effects  on  bone  marrow  cells  might  well  be  erroneous,  because  of  the 
great  differences  in  mitotic  rates  and  cell  turnover.  It  will  be  of 
interest  to  attempt  to  assess  the  importance  of  chromosome  damage  in 
the  production  of  late  radiation  effects  in  organs  such  as  the  liver 
and  kidney. 
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CO,  Naval  Medical  Research  UnJH.t  No.  2 
U.  S.  Naval  Hospital,  San  Dieggo 

CO,  Nava.*-  1  ml  Field  Reseaarch  Laboratory,  Camp  Lejeune 


Chief  of  Research  and  Development  (Atomic  Division) 

Chief  of  Research  and  Developnrnent  (Life  Science  Division) 
Deputy  Chief  of  Staff  for  Mll*±taxy  Operations  (CBR) 

Chief  of  Engineers  (ENGMC-DI) 

Chief  of  Engineers  (ENGCW) 

CG,  Army  Materiel  Command  (AWZDRD-DE-NE) 

U.  S.  Army  Edgewood  Arsenal 

CG,  CBR  Combat  Developments  Acatency 

CO,  BV  Laboratories 

CO,  Fort  McClellan,  Alabama 

Commandant,  Chemical  Corps  Sdmools  (Library) 

CO,  Chemical  Research  and  Development  Laboratories 
Commander,  Chemical  Corps  Nucllear  Defense  Laboratory 
Hq.,  Army  Environmental  Hygieme  Agency 
CG,  Aberdeen  Proving  Ground 
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1  CO,  Army  Medical  Research  Laboratory 

1  Army  Medical  Research  and  Nutrition  Laboratory  (MEDEN^AD) 

1  CO,  Amy  Medical  Service  Combat  Development  Agency 

2  Medical  Field  Service  School,  Fort  Sam  Houston  (Stimson  Lib . ) 

1  Brooke  Army  Medical  Center  (Dept.  Prev.  Med.) 

1  Director,  Surgical  Research  Unit,  Fort  Sam  Houston 

1  Director,  Walter  Reed  Amy  Medical  Center 

1  Hq.,  Army  Nuclear  Medicine  Research  Detach.,  Europe 

1  CO,  Combat  Developments  Command  (CDCMR-V) 

1  CG,  Quartermaster  Res.  and  Eng.  Command 

1  Hq.,  Dugway  Proving  Ground 

3  The  Surgeon  General  (MEDNE) 

1  Office  of  the  Surgeon  General  (Combat  Dev. ) 

1  CO,  Engineer  Res.  and  Dev.  Laboratory 

1  Director,  USACDC  Nuclear  Group 

1  CG,  Munitions  Command 

1  CG,  Frankford  Arsenal 

1  CG,  Army  Missile  Command 

AIR  FORCE 

1  Assistant  Chief  of  Staff,  Intelligence  (AFCIN-3B) 

6  CG,  Aeronautical  Systems  Division  (ASAPRD-N8) 

1  CO,  Radiological  Health  Laboratory  Division 

1  Director,  USAF  Project  RAND 

1  Commandant,  School  of  Aerospace  Medicine,  Brooks  AFB 

1  CO,  School  of  Aviation  Medicine,  Gunter  AFB 

1  Air  Force  Special  Weapons  Center  -  SWRBB 

1  Radiobiological  Laboratory 

1  Office  of  the  Surgeon  (SUP3.1),  Strategic  Air  Command 

1  Office  of  the  Surgeon  General. 

1  Commander,  Special  Weapons  Center,  Klrtland  AFB 

1  Director,  Air  University  Library,  Maxwell  AFB 

2  Commander,  Technical  Training  Wing,  3^15th  TTG 

1  Hq.,  Second  Air  Force,  Barksdale  AFB 

1  Commander,  Electronic  Systems  Division  (CRZT) 

OTHER  DOD  ACTIVITIES 


Chief,  Defense  Atomic  Support  Agency  (Library) 
Commander,  FC/DASA,  Sandia  Base  (FCDV) 

Commander,  FC/DASA,  Sandia  Base  (FCTG5,  Library) 

Commander,  FC/DASA,  Sandia  Base  (FCWT) 

Office  of  Civil  Defense,  Washington 
Civil  Defense  Unit,  Amy  Library 
Armed  Forces  Institute  of  Pathology 
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SO  Commander,  Defense  Documentation  Center 

1  Director,  Armed  Forces  Radiobiology  Research  Institute 

ABC  ACTIVITIES  AMD  OTHERS 

1  Research  Analysis  Corporation 

1  Director,  Division  of  Biology  and  Medicine 

1  NASA,  Ames  Research  Center,  Moffet  Field 

1  Aerojet  General,  Azusa 

5  Argonne  Cancer  Research  Hospital 

10  Argonne  National  Laboratory 

2  Atomic  Bomb  Casualty  Commission 

1  AEC  Scientific  Representative,  France 

1  AEC  Scientific  Representative,  Japan 

3  Atomic  Energy  Commission,  Washington 

2  Atomic  Energy  of  Canada,  Limited 

3  Atomics  International 

2  Battelle  Memorial  Institute 

1  Borden  Chemical  Company 

3  Brookhaven  National  Laboratory 

1  Chicago  Patent  Group 

1  Colorado  State  University 

1  Columbia  University  (Rossi) 

1  Committee  on  the  Effects  of  Atomic  Radiation 

3  Defence  Research  Member 

2  duPont  Company,  Aiken 

1  duPont  Company,  Wilmington 

1  Edgerton,  Germeshausen  and  Grier,  Inc.,  Goleta 

1  Edgerton,  Germeshausen  and  Grier,  Inc.,  Las  Vegae 

2  General  Dynamics,  Fort  Worth 

2  General  Electric  Company,  Cincinnati 

8  General  Electric  Company,  Richland 

1  General.  Electric  Company,  St.  Petersburg 

1  General  Scientific  Corporation 

1  Hughes  Aircraft  Company,  Culver  City 

1  Iowa  State  University 

1  Journal  of  Nuclear  Medicine 

1  Knolls  Atomic  Power  Laboratory 

2  Los  Alamos  Scientific  Laboratory  (Library) 

1  Lovelace  Foundation 

1  Martin-Marietta  Corporation 

1  Massachusetts  Institute  of  Technology 

1  Mound  Laboratory 

2  NASA,  Scientific  and  Technical  Information  Facility 

1  National  Academy  of  Sciences 

1  National  Bureau  of  Standards  (Taylor) 
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1  Nat toned.  Cancer  Institute 

1  National  Lead  Company  of  Ohio 

1  National  Library  of  Medicine 

1  New  Jersey  State  Department  of  Health 

1  New  York  Operations  Office 

1  New  York  University  (Eiseribud) 

1  Office  of  Assistant  General  Counsel  for  Patents 

2  Phillips  Petroleum  Compeuiy 

4  Pratt  euid  Whitney  Aircraft  Division 

2  Public  Health  Service,  Washington 

1  Public  Heed.th  Service,  Las  Vegas 

1  Public  Health  Service,  Montgomery 

1  Reynolds  Electrical  and  Engineering  Company*  Inc. 

1  Sandia  Corporation,  Albuquerque 

1  Union  Carbide  Nuclear  Company  (ORGDP) 

5  Union  Carbide  Nuclear  Company  (ORNL) 

1  Union  Carbide  Nuclear  Company  (Paducah  Plant) 

1  United  Nuclear  Corporation  (NDA) 

1  U.  S.  Geological  Survey,  Denver 

1  U.  S.  Geological  Survey,  Menlo  Park 

1  U.  S.  Geological  Survey,  Naval  Gun  Factory 

1  U.  S.  Geological  Survey,  Washington 

1  U.  S.  Weather  Bureau,  Washington 

1  University  of  California,  Davis 

3  University  of  California  Lawrence  Radiation  Lab.,  Berkeley 

2  University  of  California  Lawrence  Radiation  Lab.,  Livermore 

1  University  of  California,  Los  Angeles 

1  University  of  California,  San  Francisco 

1  University  of  Chicago  Radiation  Laboratory 

1  University  of  Hawaii 

1  University  of  Puerto  Rico 

1  University  of  Rochester  (Atomic  Energy  Project) 

1  University  of  Tennessee  (UTA) 

1  University  of  Utah 

1  University  of  Washington  (nonaids on) 

1  Wayne  State  University 

1  Westinghouse  Electric  Corporation  (NASA) 

1  Westinghouse  Electric  Corporation  (Rahilly) 

1  Western  Reserve  University  (Friedell) 

23  Technical  Information  Extension,  Oak  Ridge 

USNRDL 

4l  USNRDL,  Technical  Information  Division 

DISTRIBUTION  DATE:  11  June  1963 
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